As brushless DC motor (BLDCM) speed approaches base speed, current regulators gradually saturate and lose their ability to perform their regulating task, which causes a dramatic fall in the phase currents and motor power.
Introduction
Brushless DC motors (BLDCMs) offer many advantages such as high power density, high efficiency, low rotor inertia, low maintenance, reliability, and low electromagnetic interference problems [1] [2] [3] . Compared with their sinusoidal counterpart, often referred to as a permanent magnet synchronous motor (PMSM), BLDCMs allow some important system and operational simplifications while developing relatively higher power density [4, 5] .
However, the decrease of output power of such electrical machines during high-speed operation is a major obstacle to achieve higher performance.
At very high speeds beyond the rated/base speed, the inverter without proper control fails to inject current into the motor as the back emf voltage can reach a value close to or greater than that of the power inverter. When the motor is required to operate in such a condition, flux weakening (FW) is an indispensable requirement that opposes the emf by generating a demagnetizing current component I d that weakens the air gap flux. This is realized by advancing the phase angle of the currents with reference to the back emf. There are many studies that address the issue of FW operation from various aspects [6] [7] [8] [9] [10] [11] [12] [13] . As already emphasized, the conventional FW method has severe disadvantages such that it leads to more power losses in the motor and inverter as well as has the risk of irreversible demagnetization of the permanent magnets [6] [7] [8] [9] [10] . Moreover, * Correspondence: emrecelik@duzce.edu.tr This work is licensed under a Creative Commons Attribution 4.0 International License. the method exhibits significant torque ripple. Combined by a phase-advance technique, a dual-mode inverter controller was presented in [11] to offer a wide constant power speed range for BLDCM. As expressed, backto-back thyristors used in the AC-link block the conduction of antiparallel diodes, thereby increasing the net torque and power. However, this is accompanied by significant increases in ripple components of output motor power. In [12, 13] , FW was obtained by switching the windings in the machine to extend the speed range of PMSMs. In the study, two current-regulated voltage source inverters are used to control the machine. Though the constant torque region is extended, the drive system has a highly complex structure. As a result of our literature review, it is noticed that there are no published studies similar to our proposal that can be taken as benchmark methods for comparison. The birth of this work is based on the idea that instead of advancing the current relative to the back emf to raise the speed in the constant power region, we aim at constructing quasitrapezoidal-like current references in order to maintain the current closer to its commanded value while in phase with the back emf, which therefore increases the power production ( e × i) in high-speed ranges. Since the torque is defined as the ratio of motor output power to rotational speed, it can be kept at a constant level as speed increases. In this way, the constant torque region of the motor is widened to higher speeds without leading to the severe power ripple present in FW-based techniques owing to keeping the phase current and back emf in phase. This forms another important feature of our proposal since it ensures operation at maximum torque per amp. We would like to highlight that the extent of operation at higher speeds using the presented technique is limited with a region not wider than in the presence of FW.
Fuzzy logic (FL) theory essentially deals with uncertainty and offers promising performance when the input data are vague and the mathematical representation of a system is complex, unknown, or deficient [14] .
It is one of the most adopted theories to control nonlinear and complex plants [15] . FL modeling refers to the process in which a dynamic system is modeled in the form of fuzzy rules and their corresponding membership functions [16] . It may not be always simple to construct a fuzzy system, as there are many parameters to be identified. Besides, since the design is traditionally performed by trial and error from experience and knowledge of a skilled operator, correct application of such information is substantial. Moreover, if there is limited or unavailable operator knowledge, the design process may either become tedious and time-consuming, or even may not be possible. To cope with these problems, cooperation with evolutionary algorithms should be made for acquiring fuzzy design parameters. Of these algorithms, genetic algorithms (GAs) are derived from biological nature and they have been widely used to solve a vast number of optimization problems [17] [18] [19] [20] . Although extensive research has been paid to neuro-fuzzy models and adaptive neuro-fuzzy inference system (ANFIS) models, they may be classified as "medium" in complexity in comparison with FL and should be adopted when the use of them justifies the cost and complexity [21] . In the presence of the BLDCM drive, which is famous for its cost and simplicity advantages, they would not be applicable. Contrary to conventional FL, where membership degree is a crisp number in the range [0, 1], a type-2 FL system (T2FLS) is characterized by three-dimensional fuzzy membership functions and has an extra type-reduction process [22, 23] . Though generally more robust as well as achieving better performance against uncertainties, T2FLS is not easy to code and leads to increased workload for the microprocessor.
Encouraged by the desire of improving poor current regulation during saturated-regulator operation of a BLDCM, the authors of this article have proposed a new reference current generation mechanism on the basis of equal slew rates of commutated phases during commutation. In this mechanism, the slew rate of the phase current is made adaptive to motor speed and current command, and is set by a control parameter denoted as commutation angle α . By considering the computational and simplicity effectiveness of a FL system over the 3208 above-mentioned approaches, a FL-based estimator (FLE) is preferred in this paper to acquire the value of α from zero to maximum motor speed depending on the motor speed and current command. After three-phase current references are generated using rotor position, current command, and commutation angle, a standard hysteresis current controller is used for regulating the current within the motor winding. Moreover, in order to determine the FLE's rule base effectively, an offline optimization process is realized by deploying a GA. Several experiments based on DSP of TMS320F28335 are provided, which confirm that our proposal has promising performance above base speed. These results are also compared with those obtained by a classical drive system. We realize that our proposal offers important advantages such as superior performance and simplicity, which are concerns of practice.
Mathematical model and classical three-phase drive system of BLDCM
In a short form, the BLDCM model is provided in this section first. For this, the motor model and conventions adopted in this paper are shown in Figure 1 as well as the machine ideal trapezoidal back emf waveforms and rectangular stator currents. The stator voltage equation of the BLDCM is expressed in a three-phase plane as:
where 
In Eq. (2), L ss is the total phase inductance composed of winding leakage L l and self-inductance L ms , and M represents the mutual inductance between the motor adjacent phases. The electromagnetic torque T e is given by:
where p is the pole number and ω r is the electrical rotor speed in rad s −1 . Finally, we can derive the rotor speed equation in state-space form as:
In Eq. (4), T L is the load torque, and J and B are the coefficients of inertia and viscous friction torque of the rotating rotor, respectively.
In a classical three-phase BLDCM drive system, motor currents are controlled individually, which requires that two or three current sensors be placed in the AC-link to sense each of the individual phase currents. Given the structure of this kind of current control and the possible six switch states in Figure However, since the instant transition of rectangular references makes them difficult to be followed by the stator currents during high-speed operation, we consider a new reference current waveform that possesses no discontinuity and changes level in a finite time. With this aim, a new parameter called the commutation angle α is integrated into the current reference generation mechanism in this article, as depicted in Figure 3 . α is a critical parameter that corresponds to current slew rate during commutation. Its value is estimated online by the developed FLE depending on the amplitude of rotor speed ω m and current command I because the current controllability in motor winding is restricted by these two quantities. ω m and I are fed to the FLE as inputs through the normalizing gains K 1 and K 2 , which are equal to 1/ω max and 1/I max , respectively, and there is no gain on the output of FLE for α . As highlighted by the dashed ellipse shape in Figure 3 , current references may take the form of quasitrapezoidal waves, which do not exert instant transitions during commutation. From this perspective, the paper concentrates on optimizing current slew rates of the reference currents to increase drive performance under high-speed saturated-regulator excitation. The main idea of the paper lies in constructing reference currents to be of a waveform similar to quasitrapezoidal as speed and current command increase while trying to maintain the current in phase with its back emf to get the highest torque-current ratio. As clearly seen in Figure 4 , instead of commanding reference currents to perform instant transitions, we force the adjacent phases to start commutating α degrees before the normal commutation instant while finishing commutation α degrees after the normal commutation instant, which yields a commutation period of β = 2α and reference current slew rates equal to m = ∓I/2α . Such a change in reference current shaping is made so that the rising phase current is given a certain time (proportional to α , in this case) to build up to its required value before its back emf reaches its maximum value and the same time is given to the falling phase current to vanish gradually. This helps increase current tracking capability of the inverter at high speed operation, which forms our main contribution. It is also worth highlighting that during commutation time, slew rate magnitudes of commutated phases are kept the same with opposite sign all the time, which favorably ensures constant noncommutation phase current that is also the current responsible for torque production of the BLDCM in the commutation process. This can be expressed theoretically in Figure   4 as m a = 0 when making
If a point is reached where the actual current is no longer able to track its reference owing to possible increase in ω m and/or I , then the FLE begins to gradually increase α that again allows the phase current to follow the reference. In another case, the FLE reduces α to its required value. Notice that the relation of α with regard to ω m and I need not be known using any mathematical formulas in the article. The analytic expressions of the reference currents for each zone are tabulated in Table 1 . 
Structure of the FLE
The input variables of the developed FLE are mechanical speed ω m and current setpoint I . The commutation angle α is assigned as the output variable. Five symmetrical triangle membership functions are structured for both ω m and I . In order to reduce the computational burden of the defuzzification process, five membership functions of singleton-type are selected for the output fuzzy variable. As shown in For the fuzzy inference system, which is the heart of a fuzzy system, the common min-max (or and-or) method is selected, and defuzzification is performed using the weighted-average method. The FLE's rule base is effectively constructed by using a GA in this study, rather than adopting a trial and error method, which uses expert knowledge and experience if available. 
Preparation of the rule base for optimization by the GA
As the construction of the rule base plays an important role in the performance and nonlinearity characteristics of a fuzzy system, this article attempts to apply a GA to acquire the FLE's rule base effectively without need for human assistance. Before beginning the optimization with the GA, some characteristic parameters are required for construction of the rule base. As five fuzzy sets are defined for the input variables, the rule base consists of a total of 5 ×5 = 25 fuzzy rules, which yields a 25-D optimization problem highly difficult to be solved. Thus, we have made some useful simplifications over the rule base structure to facilitate the optimization by reducing the number of required fuzzy rules. The rule base can be considered as a table with 25 cells as in Figure 6 . The rules on the z -axis are adopted equal while the ones on the x -and y -axes are symmetric with the y -and 
Definition of the multiobjective performance index
A performance index is a quantitative measure that decides which chromosomes will survive into the next generation [24] . In this study, as it is highly desirable for the phase currents to track the produced reference currents as much as possible, deviation of the phase currents from the references are calculated by the integral 3213 absolute error (IAE). In addition, the value of current command I is added to the performance index to fulfill the second objective for maintaining operation with minimum value of α in all operating conditions. Thus, the resulting multiobjective performance index is given by:
The optimization of the rule base consists of minimizing the performance index P , where i * x and i x are reference and actual phase current with subscript x being the phase indices. t sim is simulation time, and the significance of each term in Eq. (5) is determined by the weight factors γ and δ . In order to attain the desired performance, it is up to the user to set the weight factors appropriately. For the current study, selections are γ = 0.7 and δ = 0.3 . An increase in γ will lead to some improvement in the corresponding feature at the cost of diminishing other features.
Rule base derivation through offline GA optimization
This paper uses the offline optimization technique, using the GA as the effective optimization means. GA incorporation is devoted to automate the process of defining rule base parameters by a suitable simulation model while the other FLE parameters are fixed. For this, we first prepare ANSI C-based software that simulates the operation of the BLDCM drive system. The initial population contains 40 randomly generated chromosomes; each chromosome has eleven rule base characteristic parameters. Each chromosome is fed into the BLDCM drive system to make simulation for a time horizon t sim and assess the chromosome performance under a certain speed reference and load torque. Then a fitness value is computed for each chromosome using Eq. (5). During optimization, motor reference speed and load torque are assumed to vary in the range covered by the motor nameplate. In this way, a total of 60 different operating conditions are obtained. The final cost F regarding each chromosome is equal to the mean of these 60 costs, which is mathematically given by
where OC is the number of operating conditions that are used for simulation in each objective function calculation. If the current iteration does not reach the maximum iteration number, the population is sorted from the fittest chromosome to the worst one. As our goal is to minimize Eq. (6), the chromosome with the lowest value of Eq. (6) will stand in the first row of the population. Using a discard rate of
members located at the end of the population are discarded from the population, and the qualified remainder become potential parents for new generations. After selecting the parents by rank-based roulette wheel selection mechanism, crossover is applied to the selected parents to produce new members that replace the discarded ones. Finally, mutation is executed depending on the mutation rate p m in each iteration to introduce random changes within the algorithm. The following detailed flowchart of the GA implementation gives a better picture of the above explanation. Table 2 reports the GA parameters selected via many successive trials.
Using the GA parameters in Table 2 , an optimization program is run subsequently five times under random initial circumstances, and the convergence profile of the best chromosome in each case is shown in Figure 8a for the first 20 iterations. As seen, all curves start from different points owing to the random Rank-based roulette wheel Performance criterion (P ) Eq. (5) population at iteration 1, and after an initial sharp drop, GA converges to an F value of about 1.505 in only 18 iterations, then continues to search for better results around this point. Encouraging convergence behavior of the proposed GA may be perceived from this figure. The obtained rule base at the end of the optimization is also given in Figure 8b . This rule base is used in DSP for practical implementation in the rest of the paper. 
Experimental verification
In order to confirm the applicability and superior performance of the presented method over the eclassical method, experiments are performed by a 500-W 8-pole BLDCM whose parameters are shown in Table 3 . The whole control algorithm is written using the C language in the F28335 eZdsp CCStudio environment, an important portion of which is provided in the Appendix to give birth to new design approaches in the concerned field. In Figure 9 , motor currents are measured by the LA 55-P current transducers and transferred to the DSP along with the rotor position knowledge, which is obtained by a built-in incremental encoder of 2500 ppr. Figure 10 shows the test bench of the shaft coupling of both machines, in addition to control and power circuitry of the concerned drive system. Phase current waveform is collected and viewed by a Yokogawa DLM4038 oscilloscope.
Initially, low-speed performances of the methods are evaluated at a speed and current command of 1000 rpm, 3 A, where the oscilloscope scale is set to 5 A/div and 2 ms/div. It is clear from Figure 11 that below base speed, motor currents are satisfactorily tracking the rectangular references. Under this condition, the commutation angle generated by the FLE is 0.008 rad. Since it is that much smaller, motor current in the presented technique is almost in the form of rectangular, similar to that in the classical approach.
To establish operation with saturated-current regulators, subsequent experiments are carried out at a speed of 1.625 times base speed (3250 rpm), with the current commands of 4, 5, 6, and 7 A. At 3250 rpm, the current lookup table (Table 1) saturated. Classical results are displayed on the left side of the paper, and the opposite side shows those based on our proposal.
It is apparent from Figure 12 that the inverter controlled by the classical method fails to force the commanded current into the motor phase. Due to the tendency of freewheeling diodes to conduct at high speed, two-phase operation can no longer be maintained, which means that the third-phase current is hardly kept at zero between the commutation intervals. It is also observed that increasing the current command gives rise to more distortion in the current waveform. As both current wave shape and peak current are not at the desired level, it results in ripple content along with rapid decline in output motor power. Comparing these results to those with the presented technique, at first glance, we see that for any of the current commands, the proposed approach is clearly less influenced by the high-speed operation in that the phase current waveforms now seem more regular and much closer to the generated quasitrapezoidal references. For each current command value, the FLE automatically sets the required value of α in order to avoid poor current regulation through the inverter saturation. Starting from 0.343 rad, α reaches 0.405 rad when I = 7A. Considering Figures 11 and 12 , we can conclude that α is varied proportionally to ω m and I ; thus, any increase in ω m or I reflects itself as an increase in α . In addition, since output power, following the electromagnetic torque, is closely related to phase current, we can approximately estimate the waveform of output motor power from the phase current shape, which would appear to be, of course, more smooth in the presented technique than in its classical counterpart. This is also an appealing feature of the study compared to techniques adopting FW, which suffer from significant power ripple.
To further demonstrate the validity of the presented method, input DC-link power and output generator power of the drive system are measured and the results are shown in Figures 13a and 13b . It is found that the greatest output power improvement is 60%, which is achieved when the speed and current command are 3250 rpm and 5 A, respectively. Note that these output power values are not a true motor shaft power. Generator efficiency should be incorporated to obtain the motor output power. Taking the generator efficiency as 0.75, we can then calculate the output motor power as 440 ÷0.75 = 586.7 W, which yields a power of 1.17 times more than is delivered at base speed. This result shows that the presented technique enables production of more power than the rated power above base speed, unlike the classical method. No improvement is achieved at 4 A due to the decreased rms value of quasitrapezoidal motor current. However, the difference in power can easily be compensated by increasing the current command. Since every piece of equipment in our experimental set including the power inverter, BLDCM, and DC generator has power losses that we do not know exactly for each, the overall system efficiency is found to be around 50%, as shown in Figure 13c . Despite falling beyond the scope of this article, we expect that conduction losses of the inverter become dominant with respect to the switching losses under saturated-regulator operation as the switch operation is at its minimum value due to the high rotor speed. When making an efficiency comparison between the classical and presented method, it is remarkable to see that the presented technique does not give rise to serious decline in the overall efficiency while increasing the motor output power. 
Conclusions
Considering the idea of optimizing current slew rates of commutated phases to attenuate the saturated-regulator operation effect of a BLDCM through the poor current regulation in the face of large back emf, this paper presents a new reference current generation technique based on a simple FLE. After the reference currents are obtained in a shape similar to a trapezoid using θ r , I , and the introduced α , motor currents are forced to follow the commanded currents by a standard hysteresis current controller. When the motor is excited by these current wave shapes, it is seen that the effect of the inverter saturation problem is attenuated, and this improvement has led to considerable increase in output motor power. The following list is given to provide a summarized exposition of the article's main results and the experimental concerns of the presented technique: 1) At 1000 rpm, the inverter saturation problem does not exist and the presented technique controls the motor with almost rectangular currents like the classical method in Figure 11 . This is accomplished by the very small commutation angle.
2) Proportionally to the value of speed and to the current command, FLE sets α to its required value, which provides the ability for the reference currents to shift between rectangular shape and trapezoidal shape.
3) At a high speed of 3250 rpm above base speed, current regulators in the classical method are not active, and the deviation from the reference currents is dramatic. Under identical conditions, current tracking performance of the presented method is found to be clearly better, as shown in Figure 12. 4) Since the torque of a BLDCM is only proportional to phase current amplitude while the phase current and the back emf are in phase, we actually keep the torque production roughly constant by maintaining the phase current closer to its commanded value as speed increases. That is, the constant torque region of the motor is expanded to higher speeds in the study, which accordingly leads to develop more power than can be developed at base speed.
5) While operating at 3250 rpm and I = 7 A, the example motor is able to deliver 1.17 times greater power compared to its rated power, which proves the previous claim.
6) The control software complexity is just increased by the FLE integration, and no increase is introduced in terms of hardware requirement. Only the Hall sensors in the classical approach must now be replaced by an encoder to provide the increased resolution required by the current references shown in Figure 4 .
7)
We expect the conduction losses of the inverter to become dominant over the switching losses in both two approaches under saturated-regulator operation since the inverter switches in this case are almost in their ON state rather than being switched. In the classical technique, each power device is conducting during the entire 120°interval without experiencing PWM application, whereas the switching operation in our proposal is made to continue to some extent, which can be proven by analyzing the presented technique-based current waveforms closer to the commanded ones in Figure 12. 8) Though the expanded constant torque region is achieved, it is not possible to maintain motoring operation at very high speeds because the study focuses on keeping the current and back emf in phase to ensure the highest torque per current operation and output torque smoothness.
9) As the switching frequency tends to decrease at high rotor speeds owing to insufficient feed voltage between inverter voltage and motor emf, the current loop speed should be fast enough to force the current to track the commanded as much as possible.
10) Selections of current bandwidth and dead time should not be in larger values, which otherwise deteriorate the current control performance.
11) Improving the estimation performance of the critical variable α using any other soft computing techniques such as neural networks, ANFIS, and type-2 FL models may be contemplated as future studies at the expense of increased computational burden in comparison with the simple FLE.
//codes for motor speed measurement } void EQep1_Init(void) { /*codes for Enhanced Quadrature Encoder Pulse (eQEP) Module which can be found in the manual document SPRUG05A.pdf*/ } void Gpio_setup(void) { /*codes for adjusting the registers of General-Purpose Input/Output (GPIO) Module used in the algorithm. For more information, refer to manual document SPRUFB0D.pdf*/ }// No more.
